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Abstract
Fe/S clusters are co-factors of numerous proteins with important functions in metabolism, electron transport and
regulation of gene expression. Presumably, Fe/S proteins have occurred early in evolution and are present in cells of virtually
all species. Biosynthesis of these proteins is a complex process involving numerous components. In mitochondria, this process
is accomplished by the so-called ISC (iron^sulfur cluster assembly) machinery which is derived from the bacterial ancestor of
the organelles and is conserved from lower to higher eukaryotes. The mitochondrial ISC machinery is responsible for
biogenesis iron^sulfur proteins both within and outside the organelle. Maturation of the latter proteins involves the ABC
transporter Atm1p which presumably exports iron^sulfur clusters from the organelle. This review summarizes recent
developments in our understanding of the biogenesis of iron^sulfur proteins both within bacteria and eukaryotes. ß 2000
Elsevier Science B.V. All rights reserved.
1. Introduction
Iron^sulfur (Fe/S) clusters are versatile biological
modules that can probably be found in all living
organisms. Due to their intrinsic redox properties,
proteins with Fe/S clusters are ubiquitous in biolog-
ical electron transport systems. Besides this classical
function, Fe/S clusters are involved in substrate bind-
ing and biochemical catalysis, sensing of environ-
mental stimuli and regulation of protein expression
(for recent reviews, see Refs. [1^4]). Protein-bound
Fe/S clusters can form spontaneously in the presence
of inorganic sul¢de and iron under anaerobic condi-
tions in vitro and most Fe/S holoproteins can be
reconstituted from their apoform by the use of stan-
dard protocols [5]. Despite this, mounting evidence
indicates that the formation of Fe/S clusters in vivo
is catalyzed by enzymatic processes.
Only recently the crucial function of mitochondria
in the biogenesis of Fe/S clusters has been discovered
[6^8]. The organelles are capable of assembling their
endogenous Fe/S proteins from Fe/S clusters synthe-
sized within the matrix space and apoproteins im-
ported from the cytosol. In addition, mitochondria
were shown to be involved in the maturation of Fe/S
proteins in the cytosol. For biosynthesis of Fe/S clus-
ters, mitochondria use a complex machinery which
we term ISC (iron^sulfur cluster assembly) machi-
nery in the following. Its components are similar to
proteins mediating Fe/S cluster assembly in bacteria
[9] and apparently were inherited from the prokary-
otic ancestor of mitochondria. For the assembly of
Fe/S proteins outside the organelle, mitochondria
have developed an export pathway encompassing a
mitochondrial ABC transporter that seems to be spe-
ci¢c for eukaryotes. In this review, we describe the
components and mechanisms of Fe/S cluster biosyn-
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thesis as de¢ned for the model eukaryote Saccharo-
myces cerevisiae. Since the ¢rst insights into this fun-
damental process have been gained in nitrogen-¢xing
bacteria [10,11], we begin with an overview of the
current knowledge on Fe/S cluster biosynthesis in
bacteria.
2. Biosynthesis of Fe/S proteins in bacteria
2.1. The bacterial nif and isc machineries
Initial evidence indicating the involvement of spe-
ci¢c gene products for the post-translational forma-
tion of protein-bound Fe/S clusters were obtained by
genetic analysis of the major nitrogen-fixation (nif)
gene cluster of the facultative anaerobic nitrogen-¢x-
ing bacterium Azotobacter vinelandii. This bacterium
still remains the best studied organism with regard to
the assembly of Fe/S clusters (for a recent review, see
[12]). Gene deletion experiments revealed that several
nif gene products which were not structural compo-
nents of the nitrogenase are required for full nitro-
genase activity [13,14]. Among these are the genes
nifU, nifS, nifV and nifM which are adjacent to
each other in the nif-cluster and form a transcription
unit (Fig. 1; Refs. [14,15]). The nifS gene product
was the ¢rst identi¢ed enzyme involved in Fe/S clus-
ter biosynthesis. Biochemical analyses showed that
diazotrophic NifS protein exhibits a cysteine desul-
furase activity converting cysteine into alanine and
enzyme-bound sulfur [16,17]. The sulfur is subse-
quently released as elemental sulfur or sul¢de under
reducing conditions. Subsequently, the protein was
shown to catalyze the formation of protein-bound
Fe/S clusters in the presence of cysteine and ferrous
iron under anaerobic conditions in vitro [18]. The
NifS-mediated assembly of Fe/S clusters has mean-
while become a routine method for the reconstitution
of Fe/S proteins (for instance, see [19,20]). However,
although the deletion of the diazotrophic nifS gene
abolishes nitrogenase activity, the gene is not re-
quired for the biosynthesis of other Fe/S proteins
in A. vinelandii. Hence, nifS and other nif genes are
specialized genes that are required only to satisfy the
exceptionally high demand for iron and sulfur during
formation of the nitrogenase enzyme under nitrogen-
limiting conditions. Under these conditions, the ni-
trogenase, which contains 19 iron atoms plus 20
atoms of inorganic sulfur, may constitute up to
10% of the total soluble protein of A. vinelandii [9].
Subsequent biochemical analysis of similar NifS-
Fig. 1. Components involved in the biosynthesis of Fe/S clusters in bacteria and eukaryotes. (Upper) Comparative organization of a
part of the nitrogen-¢xation (nif) gene cluster from Azotobacter vinelandii and the iscSUA gene cluster from A. vinelandii, Escherichia
coli and Rickettsia prowazekii. Additional components that are involved in Fe/S biosynthesis in bacteria but which are not members
of the nif or isc gene clusters are displayed by rectangles. (Lower) Components involved in Fe/S cluster assembly in human, lower eu-
karyotes (Saccharomyces cerevisiae) and plants (Arabidopsis thaliana). Hatched boxes indicate components that are assumed to exist,
but have so far not been identi¢ed.
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like cysteine desulfurase activity in E. coli and
aerobically grown A. vinelandii has led to the isola-
tion of a protein designated IscS (i.e., iron^sulfur
cluster synthesis) that is similar in its sequence to
NifS [9,21]. In contrast to the diazotrophic nifS,
iscS is essential for viability of A. vinelandii indicat-
ing that it is likely involved in the general pathway of
the biosynthesis of cellular Fe/S proteins [9]. In both
E. coli and A. vinelandii the iscS gene is contained
within a gene cluster that contains orthologues of the
nif operon genes nifU and iscA (see Fig. 1 [9]).
Downstream of the iscSUA genes, the isc operon
contains four additional genes, designated hscB,
hscA, fdx and orf3. The hscB and hscA genes show
high degrees of homology to genes encoding the mo-
lecular chaperones of the DnaJ/Hsp40 and DnaK/
Hsp70 type, respectively. HscA and HscB proteins
are likely to serve as molecular chaperones that spe-
ci¢cally assist in the maturation of Fe/S proteins.
Similar to iscS, the hscA gene is essential for viability
of A. vinelandii [9]. The fdx gene encodes a [2Fe-2S]
ferredoxin which is currently assumed to serve as a re-
ductant at some point during the maturation of Fe/S
clusters. The bona ¢de role of various components of
the isc cluster in Fe/S assembly has been veri¢ed
indirectly by demonstrating that the overexpression
of the entire cluster increases the yield of recombi-
nant Fe/S holoproteins in E. coli [22]. In addition,
the genes iscS, iscA, hscA and hscB were shown to be
crucial for Fe/S cluster biosynthesis in E. coli [23].
Genes homologous to iscSUA, hscB/hscA and fdx
are widely distributed in nature and, with very few
exceptions, can be found in all bacterial genomes
that have been sequenced so far, often in the same
arrangement as in E. coli. Rickettsia prowazekii, an
obligatory intracellular bacterium and the closest
present day relative to the ancestor of mitochondria
[24], contains a split gene version of the operon from
E. coli (see Fig. 1). In addition, orthologous genes
are also present in archaebacteria, in fungi such as S.
cerevisiae, invertebrates, vertebrates (man) and plants
(Arabidopsis thaliana). In eukaryotes, all gene prod-
ucts known so far are located in mitochondria (see
below).
2.2. Structure and function of NifS and IscS
So far, NifS and IscS are by far the best charac-
terized proteins of the Fe/S cluster biogenesis machi-
nery. They are homo-dimeric, pyridoxal-5P-phos-
phate (PLP)-dependent enzymes that catalyze the
release of elemental sulfur from L-cysteine [16].
NifS is inhibited by typical inhibitors of PLP-con-
taining enzymes indicating the involvement of the
cofactor and a nucleophilic cysteine in the enzymatic
activity of the protein [16]. In addition, the protein is
strongly inhibited by thiol-alkylating agents. Site-di-
rected mutagenesis has identi¢ed a speci¢c cysteine
residue that is essential for enzymatic activity [18].
Recently, the three-dimensional structures of IscS
from the thermophilic bacterium Thermotoga mariti-
ma [25] and its homologues, the selenocysteine-lyase
from E. coli, CsdB [26], and cystine C^S-lyase from
Synechocystis sp. PCC 6803 have been solved [27].
All of these NifS-like proteins are structured into
two domains which are connected by two K-helices.
The larger domain bears the PLP cofactor which is
covalently attached to a lysine residue, while the
smaller C-terminal domain hosts the reactive cysteine
residue. This overall structure is similar to other
members of PLP-dependent enzymes [25,28]. The ac-
tive-site is formed between the small domain of one
and the larger domain of the other subunit of a ho-
modimer. The reactive cysteine residue is located on
a highly £exible loop at the C-terminus and is not
resolved in the crystal structure of the bacterial IscS.
However, in the structure of the selenocysteine-lyase
CsdB, where this region is better de¢ned, the reactive
cysteine residue is indeed located close enough to the
active site to be able to react with a substrate [26].
The catalytic mechanism of cysteine desulfuration
catalyzed by NifS has been studied in detail and is
initiated by the formation of a Schi¡ base between
the amino-group of cysteine and the PLP-cofactor
[16,17]. The binding of L-cysteine and the release of
L-alanine are likely facilitated by a proximal lysine
residue which is proposed to form a Schi¡ base with
PLP at its O-amino group in the absence of substrate
[25]. The sulfuryl-group of the bound L-cysteine is
then attacked by the sulfuryl-group of the reactive
cysteine of the protein resulting in the formation of
cysteine-persul¢de and a PLP-bound L-alanine which
is subsequently released. This nucleophilic attack of
the reactive cysteine is likely aided by a strictly con-
served histidine residue near the active site [25]. The
presence of an enzyme-bound persul¢de on NifS has
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in fact been demonstrated experimentally [17]. The
£exible C-terminal loop may then carry the cys-
teine-persul¢de away from the reactive cleft towards
a potential acceptor protein (see below). In contrast
to the detailed knowledge of the desulfurase activity
of NifS, the mechanism of the sulfur release from
NifS during Fe/S cluster assembly is not yet under-
stood.
The reactive cysteine and the surrounding £exible
C-terminal loop are highly conserved in all IscS/
NifS-like proteins. Only in the more distantly related
cystine C^S-lyase from Synechocystis the reactive
cysteine residue is not conserved [29]. In this enzyme,
a cysteine-persul¢de is formed by asymmetric cleav-
age of its substrate L-cystine and is non-covalently
attached to a histidine residue prior to its release
[27]. Besides Fe/S cluster biosynthesis, IscS has
been shown to play an important role in the biosyn-
thesis of thiamine and thiolated tRNA in E. coli
[30,31].
2.3. Recent insights into the function of IscU, Fdx and
IscA
Similar to NifS, the diazotrophic NifU is essential
for full nitrogenase activity in A. vinelandii [14,15].
The NifU protein is homo-dimeric and carries two
identical permanent [2Fe-2S]2= clusters [32]. These
clusters show unusual spectroscopic properties which
likely re£ect the distinct arrangement of coordinating
cysteine residues. In contrast, IscU from non-diazo-
trophic bacteria is considerably smaller and shows
homology to the N-terminal third of diazotrophic
NifU (Fig. 2 [33]). In addition to IscU, bacteria
and eukaryotes contain a protein, designated Nfu1p
in yeast, which shows homology to the C-terminal
portion of the diazotrophic NifU [34]. The gene en-
coding bacterial Nfu is not part of the isc gene clus-
ter, and its function is currently unknown. The cen-
tral part of NifU which carries the permanent Fe/S
cluster has no apparent homologue in non-diazo-
trophic organisms. However, it has been speculated
that the [2Fe-2S] ferredoxin encoded by the fdx
gene of the isc cluster and the Fe/S cluster-contain-
ing domain of NifU may perform similar functions
[35].
IscU is one of the most highly conserved proteins
in nature [33]. The protein contains three strictly
conserved cysteine residues which were shown to
constitute a labile mononuclear iron-binding site
[36]. Site-directed mutagenesis of S. cerevisiae Isu1p
and NifU from A. vinelandii showed that all three
Fig. 2. Domain structure of the NifU protein from A. vinelandii. The N-terminal domain of NifU (residues 1^125) is related to IscU
from bacteria (Rickettsia prowazekii) and eukaryotes (Saccharomyces cerevisiae). The C-terminal domain (residues 235^312) is related
to the C-terminal portion of Nfu proteins from bacteria and eukaryotes. The central domain of NifU (residues 125^235) binds an per-
manent [2Fe-2S] cluster and has no counterparts in bacteria and eukaryotes. The approximate positions of all cysteine residues (C)
and a functionally important aspartate residue (D) are indicated. All cysteine residues except for the two C-terminal ones are essential
for the function of NifU. The presequences of mitochondrial Isu1p and Nfu1p are not depicted.
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cysteine residues are essential for the function of the
protein [36,37]. Biochemical analysis of the N-termi-
nal, IscU-homologous part of NifU showed that
NifS can assemble a transiently bound [2Fe-2S] clus-
ter on NifU in vitro [35]. The cluster was unstable
and was rapidly released from the protein upon re-
duction. Recently, similar observations were reported
for IscU from A. vinelandii [38]. These ¢ndings sug-
gest that NifU/IscU may function as a sca¡old for
the assembly of a transiently bound Fe/S cluster.
Subsequently, this transient Fe/S cluster may be
transferred from NifU/IscU to an Fe/S apoprotein
to form a permanent Fe/S cluster.
The mechanism of cluster assembly and disassem-
bly on NifU is only partially understood. The con-
version of an aspartate to an alanine residue close to
a cluster-ligating cysteine of NifU enhanced the
stability of the transient cluster, indicating that this
aspartate residue plays an important role in the re-
lease of the NifU-bound cluster [35]. Apparently,
NifU harbors the transiently bound Fe/S cluster
in a special environment that actively participates
in cluster assembly and disassembly. Furthermore,
the in vitro data suggest that the release of the tran-
sient cluster from NifU requires a reduction step.
Although not proven experimentally, it is likely
that this reduction step may involve the permanent
Fe/S cluster on NifU. Site-directed mutagenesis of
the cluster-ligating cysteine residues of NifU showed
that the permanent [2Fe-2S] cluster plays an essential
role in the assembly of nitrogenase in A. vinelandii
[36]. In the case of IscU which lacks a permanent
Fe/S cluster, the [2Fe-2S] ferredoxin encoded by
the fdx gene of the isc cluster may take over the
role of the permanent Fe/S clusters of NifU. The
[2Fe-2S] ferredoxin itself may recruit its electrons
ultimately from NAD(P)H or pyruvate via the bac-
terial FD^NAD(P)H- or FD^pyruvate^oxidoreduc-
tase systems.
To date, little is known about the iscA gene
product. In A. vinelandii, the diazotrophic version
is dispensable for nitrogenase activity [14,15]. No
clear-cut requirement of IscA was observed for the
maturation of overexpressed ferredoxin in E. coli
[23]. Thus, the protein seems to perform a non-essen-
tial role in Fe/S cluster assembly. Currently known
archaebacterial genomes do not contain iscA homo-
logues.
3. Biosynthesis of Fe/S proteins in eukaryotes
3.1. The mitochondrial ISC machinery for synthesis of
Fe/S clusters
Investigations from several laboratories during the
past two years have shown that the biosynthesis of
Fe/S clusters in eukaryotes takes place in mitochon-
dria. As a model organism, the yeast Saccharomyces
cerevisiae has been used. Biochemical and genetic
data have led to the identi¢cation of some ten com-
ponents which share signi¢cant homology to the bac-
terial proteins involved in Fe/S cluster formation (see
above). Similar components are encoded in the ge-
nomes of other eukaryotes including man and plants
(Fig. 1). Thus, the mitochondrial ISC machinery for
biosynthesis of cellular Fe/S cluster is of bacterial
origin and appears to be conserved in lower and
higher eukaryotes.
3.2. Nfs1p, the orthologue of the bacterial cysteine
desulfurase IscS
S. cerevisiae NFS1 was initially discovered as a
suppressor of a tRNA splicing defect [39], and its
encoded gene product was thought to be located in
the nucleus. Later studies, however, demonstrated
that the yeast and mouse proteins are located exclu-
sively in the mitochondrial matrix [40,41]. A local-
ization in mitochondria as well in the cytosol and
nucleus was reported for human Nfs1 [42]. It was
claimed that this distribution resulted from di¡eren-
tial translation initiation at alternative AUG codons.
In another study, no evidence for an extra-mitochon-
drial localization of human Nfs1 was obtained by
subcellular fractionation of human liver (G. Kispal,
R. Lill, unpublished). A function of yeast Nfs1p in
Fe/S cluster assembly has ¢rst been noted by Culotta
and co-workers [43]. This group isolated mutants in
NFS1 as suppressors of an oxygen sensitivity and
auxotrophic defects caused by the deletion of
SOD1, the gene encoding cytosolic superoxide dis-
mutase. Subsequently, a strong defect in the activity
of mitochondrial Fe/S proteins was reported upon
depletion of Nfs1p by regulated gene expression [41].
Eukaryotic Nfs1 proteins are highly homologous
to bacterial NifS and IscS and thus are believed to
function as a cysteine desulfurase (Fig. 3). In fact,
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expression of the E. coli IscS in yeast mitochondria
could fully replace the essential Nfs1p suggesting that
both proteins perform a similar function [41]. Nfs1p
and IscS were not functional when expressed in the
cytosol of the yeast cells indicating that the sulfan
sulfur can only be provided within mitochondria.
Recently, Nfs1p was made responsible for two addi-
tional functions, namely the regulation of iron up-
take into the yeast cell and the intracellular distribu-
tion of iron [44]. At present, it is unclear how these
roles in iron homeostasis may be executed, but one
likely possibility is that a product of Nfs1p function,
namely an Fe/S protein, ful¢ls these tasks (see be-
low).
3.3. The two Isu proteins, orthologues of the Fe/S
cluster assembly protein IscU
In yeast, two homologues of bacterial IscU are
encoded by the ISU1 and ISU2 genes. Both proteins
are localized within the mitochondrial matrix [34,37].
While deletion of one of the ISU genes results in
relatively weak growth defects, the double deletion
is lethal indicating the central role of these proteins
in the cell. Like IscU, the Isu proteins contain con-
served cysteine residues that are essential for function
of the Isu proteins [37]. Single mutants exhibit de-
fects in mitochondrial Fe/S proteins. Depletion of
both proteins using regulated gene expression caused
an almost quantitative loss of Fe/S protein function
within mitochondria (C. Prohl, R. Lill, unpublished).
These defects were cured by targeting the bacterial
IscU to mitochondria. Thus, as expected, the IscU
and Isu proteins are functional orthologues. Even
though direct evidence is lacking at present, it
may be assumed that the Isu proteins, like their
bacterial counterparts NifU/IscU, bind iron and
serve as a sca¡old for the assembly of an Fe/S cluster
(Fig. 3).
The Isu proteins might interact with mitochondrial
Nfu1p, a 29 kDa protein containing an about 70
residues long segment with similarity to the C-termi-
nus of NifU (Fig. 2). Double deletion of NFU1 and
ISU1 was associated with a signi¢cant growth defect
and rather severe reduction of mitochondrial Fe/S
protein activities [34]. Mutants lacking NFU1 do
not show any conspicuous phenotype, suggesting
that the function of Nfu1p is dispensable. Neverthe-
less, the genetic interaction of NFU1 with ISU1 and
SSQ1 (see below) suggests an involvement of Nfu1p
in Fe/S cluster assembly, but its precise role remains
to be de¢ned.
3.4. The ferredoxin Yah1p and its reductase Arh1p
The biosynthesis of Fe/S clusters appears to in-
volve at least one step that requires reduction. The
electrons are transferred by an electron transport
chain encompassing the adrenodoxin reductase ho-
mologue Arh1p and the [2Fe-2S] cluster-containing
ferredoxin Yah1p, the yeast homologue of human
adrenodoxin ([45]; L. Manzella, unpublished). Both
proteins are encoded by essential genes [46^48]. De-
pletion of the concentration of these proteins by
regulated gene expression leads to strong defects in
the maturation of mitochondrial Fe/S proteins. Since
Yah1p belongs to the class of [2Fe-2S] cluster-con-
taining proteins, the ferredoxin apparently is in-
volved in its own biosynthesis. A similar situation
has been noted earlier for the essential chaperonin
Hsp60 which is needed for folding of newly imported
Hsp60 molecules into the active tetradecamer [49].
Fig. 3. A hypothetical working model for Fe/S cluster assembly
in mitochondria and the maturation of cytosolic Fe/S proteins.
See text for details. pmf, proton-motive force.
BBABIO 44929 7-8-00
U. Mu«hlenho¡, R. Lill / Biochimica et Biophysica Acta 1459 (2000) 370^382 375
Which steps of Fe/S cluster biosynthesis might re-
quire the import of electrons? A likely target is the
Fe/S cluster transiently bound to the Isu/IscU pro-
teins (Fig. 3). Another step is the production of ele-
mental sulfur by Nfs1p. The initial product is sulfan
sulfur which has to be converted to sul¢de before
combination with iron. It is well possible that further
steps need the input of electrons, e.g., in order to
protect the nascent Fe/S cluster from oxidation or
to reduce iron.
3.5. The two Isa proteins, non-essential proteins with
important cysteine residues
Yeast contains two proteins that exhibit sequence
similarity to the IscA proteins of bacteria. Isa1p and
Isa2p show rather low conservation of their amino
acid sequence except for two short segments termed
IsaI and IsaII motifs which are characteristic for
members of this protein family [50]. Isa/IscA proteins
are present in prokaryotes and eukaryotes, but to
date no homologue has been identi¢ed in archaebac-
teria. The IsaI and IsaII motifs contain one and two
conserved cysteine residues, respectively, which are
essential for function [50,51]. Deletion of a single
ISA gene results in the loss of mitochondrial DNA
(b0 cells; [52]). Consequently, cells lacking one of the
ISA genes display retarded growth on fermentable
carbon sources (glucose) and show no growth on
non-fermentable carbon sources (glycerol). Genetic
inactivation of both genes does not further intensify
the growth phenotype suggesting that the two pro-
teins perform a dispensable function. When the con-
centration of the Isa proteins was depleted by regu-
lated gene expression, cells maintained the
mitochondrial DNA, yet grew slowly on glycerol-
containing media indicating a mitochondrial function
of these proteins.
Both Isa proteins were localized in mitochondria.
Isa1p was identi¢ed as a soluble constituent of the
mitochondrial matrix [50,51]. The same localization
was found for Isa2p using immunostaining and in
vitro protein import studies [53]. A di¡erent location
in the intermembrane space was reported for an epi-
tope-tagged, overexpressed version of Isa2p [51].
However, the functional location seems to be the
mitochondrial matrix, since a fusion protein consist-
ing of a mitochondrial matrix targeting signal and
the mature domain of Isa2p could complement the
defects of an ISA2 deletion [53].
For both proteins a function in the maturation of
Fe/S proteins has been documented. They were re-
quired for normal activity of mitochondrial aconitase
and succinate dehydrogenase and for isopropyl ma-
late synthase (Leu1p) in the cytosol [50^53]. The pro-
teins appear to participate in the biosynthesis of the
Fe/S clusters in mitochondria. The precise molecular
task of the Isa proteins is unclear, but the essential
character of the conserved cysteine residues for func-
tion of these proteins suggests a role in binding a
nascent Fe/S cluster. In this view, the Isa proteins
may play a role in the transfer of the Fe/S cluster
from the Isu proteins to the apoproteins (Fig. 3). In
an alternative view, the proteins might interact with
iron and transfer the metal ions to the Isu proteins
before assembly of the Fe/S cluster. Whatever the
function may be, the proteins are not required for
viability of the yeast cell, unlike the Nfs1p, Yah1p,
Arh1p, Jac1p and Isu proteins. Since deletion of
ISA1 or ISA2 results in similar phenotypical conse-
quences, a likely possibility is that both proteins co-
operate in the same step of biosynthesis possibly by
forming a hetero-dimer as the functional form of
these proteins.
3.6. Heat shock proteins chaperoning Fe/S cluster
assembly?
Fe/S cluster assembly in mitochondria appears to
involve chaperones of the Hsp40/DnaJ and Hsp70/
DnaK type. The mitochondrial homologues, Jac1p
and Ssq1p are homologous to HscB and HscA of
bacteria (see above) and to mitochondrial Mdj1p
and Ssc1p mediating preprotein import protein and/
or folding [54,55]. Recently, mutants in the JAC1
and SSQ1 genes have been identi¢ed in a screen
for suppressors of the oxygen sensitivity of a vsod1
mutant [43]. Since a nfs1 mutant was found in the
same screen (see above), the jac1 and ssq1 mutants
were analyzed for their capability to mature mito-
chondrial Fe/S proteins. Defects of aconitase and
succinate dehydrogenase enzyme activity in these
mutant cells suggested a requirement of the chaper-
ones for normal activity of mitochondrial Fe/S pro-
teins. In another study, ssq1 mutants were shown to
accumulate iron within mitochondria [56], a pheno-
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type characteristic for failure of Fe/S cluster assem-
bly (see below). When the concentration of Ssc1p is
increased twofold, it can partially replace Ssq1p in its
function [57]. Elevated amounts of Ssc1p at higher
temperatures might also explain why ssq1 mutants
are particularly a¡ected in growth at lower temper-
atures, i.e., display a cold-sensitivity.
Practically nothing is known about the distinct
step(s) at which the two chaperones might act in
Fe/S protein biogenesis. Several, equally likely possi-
bilities for a chaperone function in this process exist.
First, these proteins could bind to the apoproteins
before the assembly of the Fe/S cluster and thereby
shield the cysteine residues that co-ordinate the Fe/S
cluster. Second, they could bind to proteins involved
in Fe/S cluster assembly and prevent oxidation of
active cysteine residues. A good candidate for such
a scenario is Nfu1p which was identi¢ed based on its
genetic interaction with Ssq1p (34). Finally, the
chaperones could participate in the transfer of the
Fe/S cluster from the Isu proteins to the apoproteins.
3.7. Biogenesis of extra-mitochondrial Fe/S proteins
Most of the known Fe/S proteins of a eukaryotic
cell are located within mitochondria [6]. However, a
number of Fe/S proteins are localized outside the
organelle. The cytosolic proteins include glutamate
synthase (yeast Glt1p), a subunit of sul¢te reductase
(yeast Ecm17p), isopropyl malate synthase (yeast
Leu1p) and the mammalian iron regulatory protein
1 (IRP-1). In addition, at least the nucleus appears to
harbor Fe/S proteins, namely the endonuclease
Ntg2p. Recent evidence suggests that maturation of
these extra-mitochondrial Fe/S proteins depends on
the mitochondrial ISC machinery and requires a mi-
tochondrial membrane potential (Fig. 3 [41]). At
present, an involvement in cytosolic Fe/S protein
maturation has been experimentally veri¢ed for the
mitochondrial proteins Nfs1p, Yah1p, Arh1p, Isa1p,
Isa2p, Isu1p and Isu2p ([41,45,50,53], L. Manzella,
unpublished). Conceivably, the entire mitochondrial
ISC machinery appears to participate in this process.
There is mounting evidence that both the iron and
sulfur moieties of a cytosolic Fe/S cluster are of mi-
tochondrial origin. First, Nfs1p was shown to medi-
ate cytosolic Fe/S protein maturation only, when it
was localized inside mitochondria [41]. A mis-tar-
geted cytosolic version of Nfs1p was inactive. Similar
results were obtained for the Isu proteins (C. Prohl,
unpublished). The bacterial orthologue IscU could
fully support cytosolic Fe/S protein maturation,
when localized to mitochondria. In contrast, IscU
located in the cytosol failed to replace the function
of the Isu proteins. These data are best explained by
a model in which the Fe/S cluster of cytosolic pro-
teins is pre-assembled in the mitochondrial matrix
and exported to the cytosol. This raises the impor-
tant question of how the Fe/S cluster may leave the
mitochondrial matrix.
In principle, two mechanisms may be envisioned to
explain mitochondrial function in cytosolic Fe/S pro-
tein maturation. First, the apoproteins might be im-
ported from the cytosol into the mitochondrial ma-
trix, the Fe/S cluster is then assembled and the
holoprotein exported from the organelles. This mech-
anism seems highly unlikely though, as no apopro-
teins accumulate in the mitochondrial matrix upon
defects in Fe/S cluster biogenesis. Furthermore, this
mechanism would involve the export of folded hol-
oproteins from the matrix into the cytosol which has
not been reported to occur in mitochondria so far. A
second possibility involves the export of the Fe/S
cluster itself to the cytosol. In this scenario, an ob-
vious di⁄culty is the lability of the Fe/S cluster.
Clearly, during transport this compound must be
stabilized, e.g., by chelation. Even though we are
far from direct proof of this second model, the ¢rst
proteins participating in this process have been iden-
ti¢ed. The mitochondrial ABC transporter Atm1p
performs a crucial function in the maturation of cy-
tosolic Fe/S proteins (Fig. 3 [41]). This function is
speci¢c, since deletion of the ATM1 gene has no
e¡ect on the assembly of Fe/S proteins in the mito-
chondrial matrix.
The function of Atm1p in the maturation of cyto-
solic Fe/S proteins is re£ected in the phenotype of
yeast cells in which ATM1 was deleted. vatm1 cells
exhibit an auxotrophy for leucine. This is explained
by the defect in the second enzyme of leucine bio-
genesis, the cytosolic Fe/S protein isopropyl malate
synthase Leu1p [41]. vatm1 cells show other severe
phenotypes which are believed to be secondary con-
sequences of the failure of these cells to synthesize
cytosolic Fe/S proteins [58,59]. These alterations in-
clude the accumulation of iron within mitochondria,
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the destruction of heme-containing proteins such as
cytochromes and catalase, and an extreme sensitivity
of the mutant cells to oxidative agents. The latter
two consequences may be the result of the oxidative
stress caused by the accumulation of iron within mi-
tochondria. None of these secondary consequences
are detected in cells in which Atm1p was depleted
by regulated gene expression [41]. In these cells, the
only detectable alteration was a failure to synthesize
cytosolic Fe/S proteins. Hence, the primary function
of Atm1p is in the maturation of cytosolic Fe/S pro-
teins.
Atm1p seems to be conserved within the eukary-
otic kingdom. The homologues of man (hABC7) and
plants (Arabidopsis thaliana Sta1) have been shown
to replace the function of the yeast mitochondrial
ABC transporter [60^62]. Expression of these pro-
teins in vatm1 yeast cells leads to almost normal
biosynthesis of cytosolic Fe/S proteins. Mutations
in hABC7 are associated with a considerable increase
of mitochondrial iron levels and are linked to the
iron storage disease X-linked sideroblastic anemia
and ataxia (XLSA/A; [62,63]). Strikingly, expression
of a mutant hABC7 protein derived from a XLSA/A
patient showed 2^3-fold lower activity in the biogen-
esis of cytosolic Fe/S proteins. These observations
suggest that even a modest impairment of hABC7
function severely a¡ects maturation of cytosolic
Fe/S proteins and the mitochondrial iron homeosta-
sis. Defects in the plant ABC transporter Sta1 lead to
dwar¢sm and chlorosis, but despite these severe con-
sequences on the plants, no signi¢cant increase in
mitochondrial iron levels was detected in mutant
cells [61]. This apparent di¡erence to yeast and hu-
man cells may be related to the fact that the genome
of A. thaliana encodes two additional genes (desig-
nated STA2 and STA3) with similarity to STA1/
ATM1. The Sta2 protein was localized within plant
mitochondria. Overexpression of the protein in sta1
mutant plants partially complemented the defects in-
dicating overlapping functions of the Sta1 and Sta2
ABC transporter isoforms.
Recently, a requirement in the maturation of cy-
tosolic Fe/S proteins has been revealed for two pro-
teins residing in mitochondria (Bat1p) and the cyto-
sol (Bat2p; Fig. 3). Originally, these two proteins
were identi¢ed as the yeast branched-chain amino
acid transaminases catalyzing the last step in the bio-
synthesis of leucine, isoleucine and valine [64,65].
However, since cells de¢cient in the Bat proteins dis-
play a growth defect even in the presence of these
three amino acids, a second function that is unrelated
to the synthesis of branched-chain amino acids was
suggested for these proteins [64]. Recently, a pro-
nounced defect in the activity and de novo assembly
of cytosolic Fe/S proteins was noted in the absence
of the Bat proteins [66]. The additional function of
the Bat proteins may well explain the genetic inter-
action between Atm1p and Bat1p. The latter was
identi¢ed as a high-copy suppressor of a tempera-
ture-sensitive mutation of ATM1 [64]. The molecular
function of the Bat proteins, however, remains enig-
matic. How could they contribute to Fe/S protein
maturation in the cytosol? One proposal might be
that these pyridoxal phosphate-dependent proteins
catalyze the synthesis of a low molecular mass che-
lator that might facilitate the export of the Fe/S clus-
ters produced in the mitochondrial matrix. Identi¢-
cation of the product of the Bat proteins might help
to elucidate the transport process mediated by
Atm1p.
3.8. Mitochondrial iron homeostasis and cytosolic
Fe/S protein maturation
Defects in virtually any component involved in
Fe/S cluster biogenesis result in the elevation of mi-
tochondrial iron concentrations which, in some
cases, may be 30-fold higher as in wild-type cells.
Alterations in mitochondrial iron levels were ¢rst
reported for mutants in ATM1 and YFH1 [59,67,
68]. The latter gene encodes the yeast homologue
of human frataxin. Defects in this mitochondrial ma-
trix protein are causative of Friedreich’s ataxia, one
of the major neurodegenerative diseases [69]. A role
of Yfh1p and frataxin in the maintenance of normal
activity of mitochondrial Fe/S proteins has been
documented [70,71], but it is still unclear whether
Yfh1p/frataxin function is directly linked to the pro-
cess of Fe/S cluster assembly. A massive accumula-
tion of iron within mitochondria was also noted
for defects in Nfs1p, Yah1p, Ssq1p and the Isu pro-
teins [34,41,45,56]. Mitochondrial iron accumulation
seems to be accompanied by a decrease in cytosolic
iron concentrations. This was concluded indirectly
from the increased expression of various genes in-
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volved in iron uptake into the yeast cell [37,44], since
for technical reasons cytosolic iron concentrations
cannot be measured directly in cells harboring iron-
loaded mitochondria.
The molecular details underlying the drastic
changes in cellular iron distribution upon defects in
Fe/S cluster biosynthesis are unknown. The fact that
mutations in Atm1p, a component speci¢c for cyto-
solic Fe/S protein maturation, cause the same alter-
ations as mutations in, e.g., Nfs1p or Yah1p suggests
that a cytosolic Fe/S protein is involved in this reg-
ulatory process. One of the well-studied factors in-
volved in regulating iron uptake into mammalian
cells is an Fe/S protein, IRP-1 (for review see Refs.
[72,73]). However, IRP-1 is not present in yeast cells
suggesting that alternative regulatory mechanisms
must exist. To date, the intracellular distribution of
iron and its regulation is far from being understood.
3.9. Assembly of Fe/S clusters in plants
Our knowledge about Fe/S cluster biogenesis in
plant cells is still scarce. Presumably, Fe/S clusters
are assembled within mitochondria and chloroplasts.
The components of Fe/S cluster biogenesis that hith-
erto have been identi¢ed in plants are mitochondrial
proteins [61,74] or are predicted to be localized with-
in mitochondria (Fig. 1). These proteins are similar
in sequence to components of the ISC machinery
described above and include the Nfs1, Isu, Yah1,
and Isa proteins. No studies addressing the function
of these proteins have been reported to date. The
presence of ABC transporters with similarity to yeast
Atm1p indicates that plant mitochondria will likely
serve as the main source of extra-mitochondrial Fe/S
clusters. For one of these ABC transporters termed
Sta1, a function in the maturation of cytosolic Fe/S
proteins has been demonstrated in yeast as a model
system ([61]; see above). Thus, plant mitochondria
appear to use the conserved ISC machinery to syn-
thesize, assemble and export the Fe/S clusters.
A large portion of the iron in a plant leaf is found
in the chloroplasts, where it is assembled into the
redox-active heme or Fe/S clusters of the photosyn-
thetic electron transfer chain [75]. Despite this fact,
very little is known so far concerning the biogenesis
of Fe/S cluster-containing proteins in chloroplasts
[5]. The plastid genomes sequenced so far do not
contain any genes with homology to isc genes of
bacteria. Nevertheless, with respect to the enormous
requirement for Fe/S clusters of the thylakoid mem-
brane, it seems reasonable to assume that plastids
should contain their own machinery for Fe/S cluster
production rather than to rely on an external supply.
It should be noticed in this context that plant plas-
tids, especially pro-plastids, are iron-storing com-
partments that contain a distinct ferritin, and it has
been shown that the iron mineralization and demin-
eralization of ferritin occurs within the plastids itself
[76,77]. In contrast, the mammalian ferritin is a
purely cytosolic protein with a low phosphate in its
solid phase iron mineral while the plant-type ferritin
shows a high phosphate content similar to bacterial
ferritin [77].
The assembly of Fe/S clusters within intact chloro-
plasts was observed independently in several labora-
tories by following the in vitro import of apo-ferre-
doxin precursors into isolated chloroplasts [5,78^80].
Hence, chloroplasts are competent for Fe/S cluster
assembly in the absence of mitochondria. The most
compelling evidence for the existence of a Fe/S clus-
ter biogenesis machinery in plastids, however, was
the direct observation of the formation of the [2Fe-
2S] cluster of ferredoxin in the presence of lysed
chloroplasts in vitro [81]. Cluster reconstitution in
this in vitro system required ATP and NADPH (or
light for NADPH formation) similar to bacterial and
mitochondrial systems [82]. In addition, the system
could use L-cysteine as a source of sulfur and sul¢de
could be released from L-cysteine, observations that
are indicative for the presence of a NifS/IscS-like
desulfurase activity in chloroplasts [81,82]. Similar
desulfurase activities have also been detected in algal
plastids [83]. Unfortunately, these promising experi-
ments have not yet been followed up by the identi-
¢cation of components mediating the biosynthesis of
Fe/S clusters in plastids.
It is reasonable to assume that Fe/S cluster assem-
bly in plastids is carried out by a machinery inherited
from the cyanobacterial ancestor. The genome of
Synechocystis sp. PCC 6803 contains several open
reading frames with strong homology to all isc genes
from E. coli, with the likely exception of iscU which
is not found in Synechocystis. Moreover, two of the
three nifS/iscS-like open reading frames of Synecho-
cystis sp. PCC 6803 have been shown experimentally
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to encode desulfurases [29,84,85]. One is a typical
IscS-orthologue while the other enzyme, C-DES,
was shown to possess cystine-C^S-lyase activity (see
above). These proteins catalyze the synthesis Fe/S-
clusters in vitro [20,84,85]. Whether any of these en-
zymes is in fact the ancestor of a putative chloroplast
desulfurase remains an open question. Nevertheless,
the stage is set for the investigation of Fe/S cluster
biosynthesis in chloroplast and the answer to this
and related questions is clearly within experimental
reach.
3.10. Fe/S cluster formation, an essential process
for life
Many mitochondrial components involved in Fe/S
cluster assembly are indispensable for viability of
yeast cells. Currently, we know only 22 (out of about
500) yeast genes that encode essential mitochondrial
proteins [6]. Sixteen of these gene products are re-
quired for the biogenesis of the organelle, i.e., the
import, processing, folding and assembly of mito-
chondrial preproteins. Four essential genes are in-
volved in Fe/S cluster biosynthesis, namely NFS1,
YAH1, JAC1 and ARH1. In addition, the ISU pair
of genes is essential. Currently it is unknown whether
a speci¢c Fe/S protein in mitochondria or the cytosol
can be accounted for the essential character of Fe/S
cluster biogenesis. Nevertheless, failure of the process
seems to be more detrimental for the survival of a
eukaryotic cell than defects in the most well-known
process of mitochondria, i.e., oxidative phosphoryla-
tion. In yeast, genes encoding components of this
latter process can be deleted without serious conse-
quences provided fermentable carbon sources are
provided to support growth [52,86]. However, mam-
mals also seem to survive for surprisingly long peri-
ods without functional respiration and ATP produc-
tion. Mice lacking mitochondrial DNA, an in turn
functional oxidative phosphorylation, were viable for
10.5 days of embryonic development indicating that
the dependence of respiration is a late event in the
maturation of a mammalian organism [87].
It may be interesting to consider why nature chose
to produce Fe/S clusters in mitochondria. Clearly,
shortly after successful endosymbiosis, the primeval
cell should have harbored two systems capable of
assembling Fe/S clusters, one archaebacterial type
in the host cytosol and another one in the prokary-
otic endosymbiont resembling the current ISC ma-
chinery. The former apparatus obviously has been
lost during evolution. An reasonable advantage of
selecting mitochondria as the primary site of syn-
thesis of Fe/S clusters in the eukaryotic cell may be
the reducing environment provided by these organ-
elles. The reducing character of mitochondria is read-
ily evident from the fact that hardly any disul¢de
bridges are known to exist in mitochondrial proteins.
Another advantage might be that the partial pres-
sure of oxygen might be considerably lower in the
mitochondrial matrix rather than in the cytosol.
Both conditions may be crucial to constitute a favor-
able environment during synthesis of the Fe/S clus-
ters.
It is easy to predict that the next few years will
bring considerable progress in our understanding of
Fe/S protein biogenesis in vivo. The mechanism of
the ISC machinery will be unravelled in molecular
detail, the export pathway for maturation of extra-
mitochondrial Fe/S proteins will be better de¢ned,
and novel components of the cytosolic Fe/S cluster
assembly machinery will be identi¢ed and character-
ized. After the fruitful period of four decades ad-
dressing the chemistry, biochemistry and biophysics
of Fe/S proteins, a new exciting chapter is opened
that will elucidate the biogenesis of these important
proteins in a living cell.
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